Background-This study assessed functional performance, calf muscle characteristics, peripheral nerve function, and quality of life in asymptomatic persons with peripheral arterial disease (PAD). Methods and Results-PAD participants (nϭ465) had an ankle brachial index Ͻ0.90. Non-PAD participants (nϭ292) had an ankle brachial index of 0.90 to 1.30. PAD participants were categorized into leg symptom groups including intermittent claudication (nϭ215) and always asymptomatic (participants who never experienced exertional leg pain, even during the 6-minute walk; nϭ72). Calf muscle was measured with computed tomography. Analyses were adjusted for age, sex, race, ankle brachial index, comorbidities, and other confounders. Compared with participants with intermittent claudication, always asymptomatic PAD participants had smaller calf muscle area (4935 versus 5592 mm 2 ; PϽ0.001), higher calf muscle percent fat (16.10% versus 9.45%; PϽ0.001), poorer 6-minute walk performance (966 versus 1129 ft; Pϭ0.0002), slower usual-paced walking speed (Pϭ0.0019), slower fast-paced walking speed (PϽ0.001), and a poorer Short-Form 36 Physical Functioning score (Pϭ0.016). Compared with an age-matched, sedentary, non-PAD cohort, always asymptomatic PAD participants had smaller calf muscle area (5061 versus 5895 mm 2 ; Pϭ0.009), poorer 6-minute walk performance (1126 versus 1452 ft; PϽ0.001), and poorer Walking Impairment Questionnaire speed scores (40.87 versus 57.78; Pϭ0.001). Conclusions-Persons with PAD who never experience exertional leg symptoms have poorer functional performance, poorer quality of life, and more adverse calf muscle characteristics compared with persons with intermittent claudication and a sedentary, asymptomatic, age-matched group of non-PAD persons. (Circulation. 2008;117:2484-2491.)
peripheral arterial disease (PAD). 1, 2 Intermittent claudication (IC) is the classic manifestation of PAD. 3 However, when noninvasive testing with the ankle brachial index (ABI) is used to diagnose PAD, Ϸ20% to 50% of people with PAD are "asymptomatic" (ie, they report no exertional leg symptoms). 4 -6 However, the clinical significance of asymptomatic PAD compared with intermittent claudication is poorly understood.
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Approximately one third of persons with PAD who report no exertional leg symptoms develop leg symptoms during a 6-minute walk test. 5 These individuals with asymptomatic PAD who develop leg symptoms during a 6-minute walk test presumably have restricted their physical activity to avoid exertional leg symptoms during daily life. The clinical significance of asymptomatic PAD among those who do not develop leg symptoms during the 6-minute walk test is unclear. These individuals may have such a mild form of PAD that they never experience leg symptoms. Alternatively, these "always asymptomatic" individuals with PAD may have slowed their walking speed to avoid symptoms, even during the 6-minute walk test.
In the present study, participants with PAD who reported no exertional leg symptoms during daily life were further categorized according to whether they developed leg symptoms during a 6-minute walk test (sometimes asymptomatic) or never developed leg symptoms during the 6-minute walk test (always asymptomatic). To understand the clinical significance of always asymptomatic PAD, we compared lower extremity functional performance, calf muscle characteristics, peripheral nerve function, and quality-of-life measures between individuals with always asymptomatic PAD and those with PAD and IC. We also compared characteristics of individuals with always asymptomatic PAD to those of an asymptomatic, sedentary, age-matched, non-PAD cohort.
Methods

Subjects
The protocol was approved by the Institutional Review boards of Northwestern University Feinberg School of Medicine and Catholic Health Partners Hospitals. Participants gave informed consent. Participants included 227 individuals with PAD attending their fourth annual follow-up visit in the Walking and Leg Circulation Study (WALCS) 5, 7 and 238 individuals with newly identified PAD. 8, 9 Together, these individuals made up the PAD participants in WALCS II. Non-PAD participants in WALCS II included 130 attending their fourth WALCS annual follow-up visit and 162 newly identified non-PAD participants. Participants were Ն59 years of age. Most PAD participants were identified from among consecutive patients diagnosed with PAD by 3 Chicago-area noninvasive vascular laboratories. Remaining PAD participants were identified from consecutive patients in a general medicine practice at Northwestern with an ABI Ͻ0.90. Non-PAD participants were identified from among consecutive patients with normal lower extremity arterial tests in the 3 noninvasive vascular laboratories and from consecutive patients in the general medicine practice with a normal ABI. 8, 9 Participation rates and exclusion criteria for our WALCS cohort have been described. 5, 7 The 238 newly identified PAD participants and 162 newly identified non-PAD participants were recruited from among 1804 contacted for participation. Of these, 176 (9.8%) met exclusion criteria, 131 (7.3%) refused participation, 1021 (57%) did not respond to letters inviting their participation, 74 (4.1%) did not show up for their study appointment, and 2 did not have leg symptom data, leaving 238 newly identified PAD and 162 newly identified non-PAD participants.
Exclusion Criteria
PAD was defined as ABI Ͻ0.90 at the baseline WALCS II visit. Absence of PAD was defined as an ABI of 0.90 to 1.30. The following exclusion criteria were applied at the time of original study enrollment to participants in the WALCS cohort and those newly identified for WALCS II. Patients with dementia were excluded because of their inability to answer questions accurately. Nursing home residents, wheelchair-bound patients, and patients with foot or leg amputations were excluded because of their severely impaired functioning. Non-English-speaking patients were excluded because investigators were not fluent in non-English languages. Patients with recent major surgery were excluded. Participants with an ABI of 0.90 to 1.30 with prior lower extremity revascularization were excluded.
ABI Measurement
After participants rested supine for 5 minutes, a hand-held Doppler probe (Nicolet Vascular Pocket Dop II, Golden, Colo) was used to measure systolic pressures in this order: right brachial, dorsalis pedis, and posterior tibial arteries and left dorsalis pedis, posterior tibial, and brachial arteries. Pressures were repeated in reverse order. The ABI was calculated in each leg by dividing average pressures in each leg by the average of the 4 brachial pressures. 5, [7] [8] [9] Average brachial pressures in the arm with highest pressure were used when 1 brachial pressure was higher than the opposite brachial pressure in both measurement sets and the 2 brachial pressures differed by Ն10 mm Hg in at least 1 measurement set because in such cases subclavian stenosis was possible. 10 Zero values for the dorsalis pedis and posterior tibial vessels were excluded. Lowest leg ABI was used in the analyses. 7
Calf Skeletal Muscle
We selected calf muscle for study because the superficial femoral artery is the most common site of lower extremity atherosclerosis 11, 12 and calf muscle receives blood from the superficial femoral artery. Using a computed tomography scanner (LightSpeed, General Electric Medical Systems, Waukesha, Wis), we obtained 2.5-mm crosssectional images of the calves at 66.7% of the distance from the distal to the proximal tibia. 13 Cross-sectional images were analyzed with BonAlyse (BonAlyse Oy, Jyvaskyla, Finland), a software for processing computed tomography images that identifies muscle tissue, fat, and bone. 13 When quantifying muscle area, the BonAlyse software quantifies voxels within a range corresponding to muscle density and excludes voxels corresponding to fat density. 14 Intramuscular fat is quantified by summing voxels corresponding to fat within muscle tissue. Muscle density represents the average amount of muscle tissue within a defined volume.
Peripheral Nerve Function
The electrodiagnostic supervisor at Northwestern Memorial Hospital used electroneurography to measure nerve function. Methods have been reported previously. 9
Peroneal Nerve Conduction Velocity (Lower Extremity Motor Nerve Testing)
Two stimulating electrodes were placed over the peroneal nerve, over the anterior ankle and behind the knee. A recording electrode was placed over the belly of the extensor digitorum brevis. Time for electrical impulses to travel from the ankle to the recording electrode (t1) and from the electrode at the fibular head to the recording electrode (t2) were measured, along with the distance between the 2 pairs of electrodes (distance) and the amplitude of the sinusoids (a1 and a2). The nerve conduction velocity (NCV) was calculated as follows: (distance)/(t2Ϫt1). Peroneal amplitude was measured from baseline to the negative peak.
Sural Nerve Testing (Lower Extremity Sensory Nerve)
A recording electrode was placed behind the lateral malleolus. The sural nerve was stimulated 14 cm proximal to the recording electrode. Sural amplitude and latency were recorded, and NCV was calculated.
Ulnar NCV (Upper Extremity Motor Nerve)
The active electrode was placed over the abductor digiti minimi muscle. The reference was at the base of the fifth digit. A ground electrode was placed over the dorsum of the hand. The ulnar nerve was stimulated at the wrist and above the elbow. The distance between the 2 stimulation points and the travel time for electric stimulation between these points were used to calculate ulnar motor NCV.
Functional Data
Performance on each objective measure of leg functioning described below predicts the incidence of mobility loss at the 4-year follow-up among persons with PAD. 15 Six-minute walk performance and usual and fastest 4-m walking speed predict mortality in persons with PAD. 16 
Six-Minute Walk
Participants walk up and down a 100-ft hallway for 6 minutes after instructions to cover as much distance as possible. 7, 17 At the end of this test, all participants were asked whether they were experiencing leg discomfort.
Repeated Chair Rises
Participants sit in a straight-backed chair with arms folded across their chests and stand 5 times consecutively as quickly as possible. Time to complete 5 chair rises is measured. 18, 19 
Standing Balance
Participants were asked to hold 3 increasingly difficult standing positions for 10 seconds each: standing with feet together side by side and parallel (side-by-side stand), standing with feet parallel with the toes of 1 foot adjacent to and touching the heel of the opposite foot (semitandem stand), and standing with 1 foot directly in front of the other (tandem stand). 18, 19 
Four-Meter Walking Velocity
Walking velocity was measured with a 4-m walk performed at "usual" and "fastest" pace based on previous study. 15, 16 Each walk was performed twice. The faster walk in each pair was used in the analyses. 18, 19 
Short Physical Performance Battery
The Short Physical Performance Battery combines data from the usual-paced 4-m walking velocity, time to rise from a seated position 5 times, and standing balance. Individuals receive a 0 score for each task they are unable to complete. One to 4 scores are assigned for remaining tasks based on quartiles of performance for Ͼ5000 participants in the Established Populations for the Epidemiologic Study of the Elderly. 18, 19 Scores are summed to obtain the Short Physical Performance Battery, ranging from 0 to 12.
Leg Symptom Groups
Leg symptoms for each participant were characterized into 5 mutually exclusive groups using the San Diego claudication questionnaire. 20 These symptom groups, previously defined for participants with exertional leg symptoms, are as follows: (1) IC (exertional leg pain that does not begin at rest and causes the participant to stop walking), (2) pain on exertion and rest (exertional leg symptoms that sometimes begin at rest), and (3) exertional leg pain/carry on (exertional leg symptoms that do not begin at rest and do not stop the individual from walking). We previously defined an "atypical exertional leg pain" symptom category for individuals who met criteria for IC except that their exertional leg symptoms did not involve the calf or did not resolve within 10 minutes of rest. Because outcomes for this group were similar to those of participants with IC, the 2 groups were combined into IC.
Participants reporting no exertional leg symptoms on the San Diego Claudication Questionnaire were considered asymptomatic. One group was designated always asymptomatic because they did not develop exertional leg symptoms during the 6-minute walk. The second group was designated sometimes asymptomatic because they developed leg symptoms during the 6-minute walk.
Comorbidities
Comorbidities were selected because they are known or likely to influence lower extremity functional performance. 21, 22 Algorithms developed for the Women's Health and Aging Study and the Cardiovascular Health Study were used to document comorbidities. 23 These algorithms combine data from patient report, physical examination, medical record review, medications, laboratory values, and a primary care physician questionnaire. Comorbidities assessed were angina pectoris, diabetes mellitus, myocardial infarction, stroke, heart failure, pulmonary disease, cancer, spinal stenosis, and disk disease. Criteria from the American College of Rheumatology were used to diagnose knee and hip osteoarthritis. 24, 25 
Quality-of-Life Measures
The Walking Impairment Questionnaire (WIQ) measures selfreported walking limitations within 3 domains: walking speed, walking distance, and stair climbing. 26 In the distance component, participants rank the degree of difficulty walking distances ranging from within their home (50 ft) to 5 blocks (1500 ft) on a Likert scale of 0 to 4 (0ϭunable, 4ϭno difficulty). Likert scale responses are multiplied by the corresponding number of feet for each question. These products are summed and divided by the maximum possible score to achieve a percent score ranging from 0 to 100, where 0 represents the inability to walk any of the distances and 100 represents no difficulty walking any of the distances. Similar percent scores are used for walking speed and stair climbing. Walking speed is assessed by asking participants to indicate the degree of difficulty walking a block "slowly," "average speed," or "quickly" or "running/jogging." Responses on the Likert scale of 0 to 4 are multiplied by the approximate miles per hour for each speed. 26 For stair climbing, participants rank difficulty climbing 1 to 3 flights of stairs on a Likert scale of 0 to 4. We used the Medical Outcomes Study Short-Form 36 (SF-36) to assess functional status. 27 We used the Physical Functioning domain because it includes activities that are likely to be impaired in PAD, including walking, carrying groceries, or climbing stairs. 27
Other Measures
Height and weight were measured at the study visit. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Cigarette smoking history was measured with self-report. Lower extremity revascularization was based on patient report and required confirmation with either medical record review or the primary care physician questionnaire. Physical activity was measured using patient-reported number of blocks walked during the past week. Additionally, 60% of WALCS II participants wore a vertical accelerometer continuously over 7 days (Caltrac, Muscle Dynamics Fitness Network, Inc, Torrence, Calif) to measure physical activity using defined methods. 28, 29 We programmed the accelerometer identically for all participants, allowing us to compare physical activity levels between participants regardless of individual variations in age, weight, height, and sex. Programmed in this way, the accelerometers measured "activity units."
Statistical Analyses
Differences in continuous and dichotomous variables were compared across categories of leg symptoms by use of ANOVA and 2 tests, respectively.
Calf muscle characteristics, lower extremity performance, qualityof-life measures, and nerve conduction parameters were compared across leg symptom categories by use of ANCOVA with adjustment for age, race, sex, smoking, BMI, ABI, recruitment cohort (original WALCS versus newly identified), lower extremity revascularization, blocks walked during the past week, and comorbidities. Tibia length was a covariate for calf muscle area comparisons because greater tibia length is associated with greater calf muscle area. 30 Height and alcohol use were additional covariates for the nerve analyses. Zero values for NCV indicate the absence of any measurable nerve function. Analyses for NCV were performed with and without inclusion of "0" values, enabling us to compare nerve function across leg symptom groups in the entire cohort and in the subset with any measurable nerve function.
For each outcome, pairwise comparisons were made between each symptom group other than IC with the IC group. IC was the reference because IC is the most classic manifestation of PAD. Analyses were adjusted for multiple comparisons with the Bonferroni method. A value of PϽ0.0125 was considered statistically significant.
Among the 292 non-PAD WALCS II participants, 142 were always asymptomatic. Among the always asymptomatic non-PAD participants, we identified a subset matched by age and physical activity (number of blocks walked in the last week) to the always asymptomatic PAD participants. Fifty-seven always asymptomatic PAD participants had Ն1 always asymptomatic non-PAD participants who were matched by physical activity and age. When Ͼ1 matched non-PAD participant was available, random selection of the non-PAD participant was performed to ensure equal distributions of age and physical activity between the PAD and non-PAD participants. Calf muscle characteristics, functional performance, and quality of life were compared between the always asymptomatic PAD and matched always asymptomatic non-PAD participants by use of ANCOVA with adjustment for age, sex, race, BMI, comorbidities, smoking, recruitment cohort, and blocks walked during the past week.
Because associations studied here were not among the primary aims of WALCS II, sample size estimates were not calculated for the study questions addressed here. Analyses were performed with SAS Statistical Software version 9.0 (SAS Institute Inc, Cary, NC).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Among the 465 PAD participants, the average age was 75.03Ϯ8.26 years and mean ABI was 0.63Ϯ0.16. Fortyseven percent were women, 16.99% were black, and 32.69% had diabetes mellitus. Table 1 shows characteristics of PAD participants according to leg symptom categories. Significant differences across all leg symptom groups were observed for age, gender, black race, ABI, and prevalences of angina pectoris, stroke, pulmonary disease, knee arthritis, and lumbar disk disease (Table 1) . Figure 1 shows associations of leg symptom categories with calf muscle characteristics with adjustment for age, sex, race, BMI, ABI, comorbidities, recruitment cohort, lower extremity revascularization, physical activity, and cigarette smoking. Compared with individuals with PAD and IC, those who were always asymptomatic had lower calf muscle area (PϽ0.001), higher calf muscle percent fat (PϽ0.001), and lower calf muscle density (PϽ0.001) ( Figure 1 ). No other leg symptom group had significantly different muscle characteristics compared with IC after adjustment for multiple comparisons. Table 2 shows associations of leg symptom categories with peripheral nerve function with adjustment for age, sex, race, BMI, ABI, comorbidities, recruitment cohort, smoking, height, and alcohol use. PAD participants who were always asymptomatic had poorer peroneal nerve amplitude, peroneal NCV, sural nerve amplitude, and sural nerve latency than those with IC. When analyses for NCV were repeated after exclusion of participants with 0 values (ie, after exclusion of participants with no evidence of any nerve activity), peroneal NCV was no longer significantly different between the always asymptomatic and IC groups. No significant differences in upper extremity nerve function were found between the always asymptomatic and IC groups, suggesting that differences in peripheral nerve function were specific to the lower extremities. Figure 2 shows associations of leg symptom categories with lower extremity performance in PAD persons with adjustment for age, sex, race, comorbidities, BMI, smoking, ABI, physical activity, and recruitment cohort. Always asymptomatic PAD participants had significantly poorer performance on the 6-minute walk, usual-and fast-paced 4-m walks, and the Short Physical Performance Battery compared with those with IC ( Figure 2 ). PAD participants with exertional leg pain/carry on had significantly better 6-minute walk performance compared with participants with IC. PAD participants with pain on exertion and rest had significantly slower usual-paced walking speed compared with IC.
Within the subset of 282 PAD participants with Caltrac vertical accelerometer data, no significant difference was noted in physical activity between the always asymptomatic and IC groups (582 versus 691 activity units; Pϭ0.155) after adjustment for age, sex, race, BMI, comorbidities, smoking, ABI, recruitment cohort, and history of lower extremity revascularization. The pain/carry on group had higher physical activity than the IC group (1086 versus 691 activity units; PϽ0.001).
After adjustment for age, sex, race, comorbidities, BMI, smoking, physical activity, lower extremity revascularization, recruitment cohort, and ABI, always asymptomatic PAD participants had lower Short Form-36 Physical Functioning scores (43. 19 Functioning score were not significant after adjustment for multiple comparisons. No significant differences were found in the WIQ speed and stair climbing scores between PAD participants with IC versus those always asymptomatic (data not shown). Table 3 compares outcomes between the always asymptomatic PAD participants and the age-and physical activity-matched always asymptomatic non-PAD participants. After adjustment for confounders, the always asymptomatic non-PAD participants had significantly poorer performance on each functional outcome, more adverse findings for each calf skeletal muscle characteristic, lower objectively measured physical activity, and lower scores for each WIQ measure ( Table 3) . Analyses include participants with 0 values for NCV. When analyses were repeated excluding participants with 0 values for NCV, differences in peroneal NCV between participants with IC and those who were always asymptomatic were no longer statistically significant.
*Analyses adjust for age, sex, race, BMI, ABI, comorbidities, recruitment cohort, cigarette smoking, height, lower extremity revascularization, and alcohol use. †Pϭ0.0002, ‡Pϭ0.0051, §Pϭ0.0056 for pairwise comparisons of always asymptomatic PAD participants vs IC.
Discussion
Fully 20% to 50% of persons with PAD are asymptomatic. 4 -6 However, the clinical significance and pathophysiological correlates of asymptomatic PAD are poorly understood. Among 429 men and women with PAD identified by the noninvasive vascular laboratory, we found that 104 (24%) were asymptomatic. Most of the asymptomatic PAD participants (70%) were designated always asymptomatic because they did not develop leg symptoms even during a 6-minute walk test. We found that individuals with PAD who are always asymptomatic have significantly smaller calf muscle area, higher calf muscle percent fat, lower calf muscle density, poorer lower extremity peripheral nerve function, and poorer lower extremity functional performance compared with PAD participants with classic symptoms of IC.
To the best of our knowledge, no prior studies have compared calf muscle characteristics or peripheral nerve function between specific leg symptom categories among persons with PAD. Findings reported here are significant for several reasons. First, previous research demonstrates that asymptomatic PAD is common and that asymptomatic PAD is more likely to be underdiagnosed than symptomatic PAD. 4, 6, 31 Second, our results indicate that clinicians should not equate lack of exertional leg symptoms with a "benign" form of PAD. Third, findings reported here challenge the current paradigm of using leg symptoms as an eligibility criterion for therapeutic clinical trials designed to improve walking performance in persons with PAD. Finally, our results underscore the importance of identifying therapies to improve walking performance in asymptomatic individuals with PAD.
A potential explanation for our findings is that always asymptomatic PAD participants may slow their walking speed to avoid ischemic leg symptoms. Over time, reduced walking speed may result in adverse pathophysiological findings such as the smaller calf muscle area, greater calf muscle fat, and lower calf muscle density observed here. These calf muscle changes may further contribute to impaired lower extremity functioning in always asymptomatic individuals with PAD. However, it also is possible that these PAD participants have limited their activity or slowed their walking speeds for reasons unrelated to leg symptoms. Alternatively, always asymptomatic participants may have experienced a primary insult on their lower extremity nerves, perhaps related to lower extremity ischemia, which may induce denervation atrophy of calf skeletal muscle and reduce perception of lower extremity ischemic symptoms. However, this study is not able to determine the mechanism of asymptomatic PAD.
Without exertional leg symptoms, quality of life in always asymptomatic PAD participants could be superior to that of PAD persons with IC and similar to that of age-and physical activity-matched always asymptomatic non-PAD persons. However, our results show that always asymptomatic PAD participants did not have better quality of life than PAD persons with IC or always asymptomatic non-PAD participants. Our finding that always asymptomatic PAD participants had higher WIQ distance scores than IC participants indicates that always asymptomatic PAD participants perceive greater ease of walking long distances than persons with IC, perhaps consistent with the lack of exertional leg symptoms in the former group. However, all WIQ scores were significantly lower in always asymptomatic PAD participants compared with age-and activity-matched always asymptomatic non-PAD participants. This study has limitations. First, data are cross-sectional. Associations reported here cannot be construed as causal.
Longitudinal study is needed to determine whether always asymptomatic PAD is associated with higher rates of limb loss or critical limb ischemia. Second, most PAD participants were identified by noninvasive vascular laboratories. Third, a large proportion of the potential participants in this study either did not respond to the invitation to participate or refused participation. Our findings may not be generalizable to asymptomatic persons with unrecognized PAD, to individuals with PAD from community settings, or to individuals who did not respond to our mailed invitation or refused to participate.
Our results demonstrate that asymptomatic PAD is not a benign condition. Individuals with PAD who never develop leg symptoms have greater functional impairment and more adverse pathophysiological findings in calf muscle and lower extremity nerves than PAD patients with IC. Further study is needed to identify the natural history of always asymptomatic PAD over time and to develop interventions to improve functional performance in persons with asymptomatic PAD.
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